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A B S T R A C T
The illegal trade in wild animals being sold as ‘captive bred’ is an emerging issue in the pet and zoo
industry and has both animal welfare and conservation implications. DNA based methods can be a quick,
inexpensive, and definitive way to determine the source of these animals, thereby assisting efforts to
combat this trade. The short beaked echidna (Tachyglossus aculeatus) is currently one of the species
suspected to be targeted in this trade. As this species is distributed throughout Australia and in New
Guinea (currently comprising of five recognised sub-species), this project aimed to develop a DNA based
method to definitively determine the source country of an echidna and explore the use of non-invasive
sampling techniques. Here we use non-invasively sampled echidna quills and demonstrate the extraction
of mitochondrial DNA and amplification of a region of the mitochondrial genome. Phylogenetically
informative markers for analysis of a 322 bp segment of the D-loop region were developed, and
subsequently validated, using animals with known source locations allowing us to reliably distinguish
between echidnas from New Guinea, and Australia. This research presents the first validated forensic
protocols for short beaked echidnas and will be an integral tool in understanding the movement of
animals in this emerging trade.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The illegal trade in protected wildlife is a serious and
widespread crime, and was estimated to be worth USD $7–23
Billion in 2014 [1]. Within this, the laundering of wild caught
animals as ‘captive bred’, sometimes with falsified or no
supporting paperwork or genetic data, has been identified as an
emerging issue [2–6]. There is increasing evidence that monot-
remes, including the short beaked echidna (Tachyglossus aculeatus
but with five recognised subspecies across Australian and Papua
New Guinea) and the long beaked echidna (Zaglossus sp.), are at
risk of becoming part of this trade [2,7,8]. Monotremes have a
complex mode of reproduction, which is notoriously difficult to
replicate within captivity [9–11]. Historic zoo records show that
until 2009 there were less than ten short beaked echidnas born in
captivity in Australia, with a low survival rate past 18 months of age
[11,12]. The quotas from the Indonesian Captive Breeding* Corresponding author at: Australian Centre for Wildlife Genomics, Australian
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70 echidnas in 2014, 150 in 2015, and 50 in 2016, however based on
the low breeding success recorded by Australian zoos, it is possible
the large number of Indonesian captive bred animals were
supplemented by wild poached individuals, potentially from the
New Guinea subspecies of short beaked echidnas (T.a. lawesii)
[2,7,11].
A vast number of animal and plant species are targeted in the
illegal wildlife trade and, even in well-resourced countries,
investment in enforcement and investigation of this trade is not
at a commensurate level compared to ‘human-victim’ crimes [13].
Furthermore, in developing countries, there are often additional
challenges in conducting adequate compliance investigations and
appropriate forensic testing for prosecution [13]. Often tests or
vouchered reference data do not exist to confirm biogeographic
provenance or alleged pedigree, or even confirm species [13].
Providing data for evidentiary or intelligence purposes in a
meaningful timeframe can assist in maintaining momentum
within an investigation and give direction on what should be
done with seized animals requiring rehoming. Therefore, the
establishment of non-invasive sampling methods, PCR protocols,
and analyses that can be performed quickly and inexpensively
within the laboratory can be of significant benefit to an
investigation in both developed and developing countries.der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Example of quill used. Black line depicts where the quill was cut (1 cm from
the root end of the quill).
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ing handling stress, and does not require anaesthetic or a vet to be
present to take a sample. Previous studies have successfully
extracted DNA using non-invasive methods from feathers, hair,
scats and scales [14–19], these methods can however, be limited by
quality of the DNA that is extracted [15,18,20]. In wildlife forensic
science, non-invasive sampling is particularly useful as seizures of
live animals often occur without the presence of veterinarians and
it may not be possible or time efficient to take a blood sample from
an animal in an investigation [19]. Echidna quills are made of
keratin, similar to hair, and can be plucked, or are naturally shed
[21]. Quills also have a larger surface area than hair, and therefore
retain more epithelial cells for DNA extraction.
Analysis of mitochondrial  DNA (mtDNA) is well established
as an effective tool for species identification, phylogenetic
studies, and determining source populations; an essential
component of not only wildlife forensics, but species conserva-
tion [22]. Studies of mammalian evolutionary history, phylo-
genetics and phylogeography often utilise mtDNA analysis [23–
25]. For trafficked species that have a broad geographic
distribution covering multiple countries, it can be important
to establish the source, so that the correct jurisdiction and
legislation involved can be identified, for example whether local
wildlife legislation or legislation enforcing CITES should be
enacted [23]. Short beaked echidnas are documented as having
both a New Guinea and Australian distribution, with 4
Australian subspecies (T.a.aculeatus (East coast of mainland
Australia), T.a. acanthion (Western Australia), T.a setosus (Tasma-
nia), T.a. multiaculeatus (Kangaroo Island)), and one New Guinea
subspecies (T.a. lawesii) subspecies [26,27]. However, currently
there is no published phylogeographic data to substantiate these
delineations. Definitively identifying the country of origin of any
traded echidna is the focus of this study, as this would benefit both
investigative and enforcement efforts in order to identify the
source of individuals poached from the wild. While the mtDNA
regions CO1 and Cytochrome b are often used in wildlife forensics,
because they provide useful interspecific resolution [28–32], to
determine source populations we require a genetic region that
provides sufficient intraspecific resolution. Our candidate region,
the mtDNA ‘control region’ or D-loop, is a hypervariable region of
the mitochondrial genome which is often used in intraspecific or
phylogeographic studies [25,33,34].
This work aimed to evaluate DNA extraction methods using
both plucked and shed quills of the short beaked echidna,
utilising commonly available protocols and kits. Further, to strive
for recommended best practice we aimed to develop validated
protocols for amplification of the phylogenetically informative
region of the D-loop that effectively differentiates between
echidnas of New Guinea or Australian origin, and determine the
source country of any trafficked and seized short beaked
echidnas.Table 1
Methodology for each extraction trial.
Trial Method 
1. ISOLATE II Genomic DNA Kit (Bioline, Australia) animal tissue protocol. Auto
2. ISOLATE II Genomic DNA Kit (Bioline, Australia), animal tissue protocol with th
during the lysis stage.
3. QIAamp DNA Investigator Kit (QIAGEN, Australia), following the Hair and Na
4. Salting out technique [35], following protocol published in Sunnucks and Ha2. Methods
2.1. Quills – sampling, storage and gDNA extraction methods
Shed and plucked short beaked echidna quills were collected
from echidnas in captivity by zookeepers, as well as from one
Australian Museum specimen (M.47764.004). Within each extrac-
tion trial, five quills were used  two from M.47764.004 which had
been preserved in ethanol upon collection, and three from captive
echidnas; two plucked and one shed (for detailed sample
information see Appendix A in Supplementary materials). The
quills were transported to the laboratory in zip lock bags then
frozen at 20 C on arrival.
Four different commonly used and readily available extraction
kits were trialled (Table 1.) to test the success of extracting DNA
and the quantity of yield. Trials using purchased extraction kids
were followed as to the manufacturer’s instructions, and the
salting out technique as to instructions from Sunnucks and Hale
[35]. Approximately one centimetre from the root of the quill (the
weakest and thinnest part) was cut using tin snips to use for the
extraction (Fig.1). DNA extractions were quantified using the Qubit
2.0 Fluorometer High Sensitivity Assay (Qiagen).
2.2. Samples for phylogeographic analysis
Due to the difficulty of obtaining quill samples from New
Guinea echidnas, only quill samples from Australian animals were
tested. However, four echidna tissue samples from New Guinea,
specifically Papua New Guinea, were included as part of the
phylogeographic validation, along with one sample from Moa
Island, Torres Strait, and one sample from a captive animal from
San Diego Zoo, obtained legally from an Indonesia Zoo, with
suspected New Guinea parents. Forty-one additional tissue and
blood samples were included to give a wider variety of Australian
locations. A total of 50 quill, tissue, blood, skin, or gDNA samples,
with known collection localities were used. These animals were
sourced from both museum/university collections (30 samples)Quill roots used per extraction
mated extraction. 2 M.47764.004; M.48044.001; M.48042.001;
M.48045.001
e addition of 20 mL of 1 M DTT 2 M.47764.004; M.48044.001; M.48042.001;
M.48045.001
ils protocol. 2 M.47764.004; M.48041.001; M.48040.001;
M.48043.001
le 2 M.47764.004; M.48041.001; M.48040.001;
M.48043.001
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materials). For the reference samples, DNA extractions were
carried out using either the ISOLATE II Genomic DNA Kit animal
tissue protocol (Bioline, Australia), the ChargeSwitch Forensic DNA
Purification Kit (Thermo Fisher, USA), or a salting out technique
[35]. DNA concentrations were determined using Qubit 2.0
Fluorometer.
2.3. Amplification conditions
Quill extractions were initially checked by amplifying a region
of Cytochrome B (14841–15149), using the following universal
primers; M5 — AAAAAGCTTCCATCCAACATCTCAGCATGATGAAA
and M6 AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA [36]. Pri-
mers to amplify a 430 bp region (15408–15859) of the short beaked
echidna D-loop were then designed using Oligo 7 [37] using the
Tachyglossus aculeatus whole mitochondrial genome (AJ303116.1)
as a reference. The Primer sequences developed as part of this
study are as follows: TacCRF — 50- ACCATCAGCTCCCAAAGCTGA-30
and TacCRR — 50- CTTGAAGGGGAATTACCAGAGG-30.
One sample from PNG (M5966) and the sample from Moa
Island, Torres Strait (M4954) were extracted from historic museum
study specimens (Australian Museum Mammalogy Collection).
Due to the age and storage conditions of these samples, extracted
DNA was found to be highly degraded. To amplify these samples,
two additional primer sets were designed that would amplify the
required region in two overlapping segments (15498–15698 and
15696–15864). These primer sequences are TacCR2F — 50-
TGCATTCATCTTTTATCCCCATAC 30, TacCR2R — 50-
TAATCTGTCAGAACCTCAATTATG0, and TacCR3F — 50- AACATAATT-
GAGGTTCTGACAG- 30, TacCR3R  50- GTTCTTGAAGGGGAATTACC
30.
Polymerase Chain Reactions (PCRs) were carried out in
25 mL reactions, containing 10 ng of DNA, 1 Bioline MyTaq
Reagent Buffer, 10 mM for each primer, and 5U of Bioline MyTaq
DNA polymerase. PCRs were carried out on an Eppendorf
MasterCycler pro S under the following conditions: 3 min at
94 C, 38 cycles of 94 C (20 s) denature, 60 C (40 s) annealing,
and 72 C (40 s) extension, with a final extension cycle of 72 C
for 5 min. To amplify the two skin samples, touchdown
conditions 55 C–50 C (1 C step down per cycle) were
employed for the annealing step. PCR success was checked
using a 1% Agarose Gel and reactions were cleaned using
Affymetrix ExoSAP-IT. Sanger sequencing was carried out by
the Australian Genome Research Facility (AGRF), Sydney on an
AB3730 xl. Raw sequences were edited with reference to
chromatograms using Sequencher version 5.3.
2.4. Analysis
D-loop sequences from all reference and quill samples were
aligned using ClustalW in MEGA version 7.0 software [38]. To
include all samples, sequences were edited to be the same length
and analysis was conducted on a 322 bp fragment. The corre-
sponding D-loop region from the western long beaked echidna
(Zaglossus bruijnii; Accession number: AJ639865.1) was used as an
outgroup. To perform phylogenetic analysis on all haplotypes
generated, an appropriate model of evolution; T92 + G, was
determined in MEGA 7.0, using the Bayesian Information Criterion.
Maximum likelihood trees were built using MEGA 7.0, Statistical
confidence was calculated using 1000 bootstrap resamples.
Bayesian inference of phylogeny analysis was conducted in
MrBayes 3.2 [39]. The analyses were run using default settings
for priors. The chains were run for 10000000 generations and
sampled every 1000 generations to obtain 2364 sampled trees.Tracer v1.6 [40] was used to check for chain convergence and
adequate Effective Sample Size (>100). Posterior probabilities
(decimals) were used to assess the level of branch support.
2.5. Validation
Validation was carried out based on the following character-
istics: (1) reproducibility/repeatability, (2) limit of detection (3)
specificity, (4) phylogenetic resolution (as described above).
To test for repeatability, 50 samples were amplified, on four
different thermocyclers. A temperature validation was conducted
with eight samples undergoing amplification with the annealing
temperature altered to both 1.5 C of the regular annealing
temperature (60 C). A blind study conducted by a different analyst,
using regular PCR and sequencing conditions was also carried out
using four unknown samples (two from PNG and two from
Australia). Limit of detection was tested using 1 in 10 (1 ng), 1 in 100
(0.1 ng), and 1 in 1000 (0.01 ng) serial dilutions of eight DNA
samples, previously quantified using the Qubit 2.0 Fluorometer.
Species specificity was analysed using the following species from
the Australian Museum’s Mammal, Bird and Fish collections;
Western Long Beaked Echidna (Zaglossus bruijnii) (M.47975.001),
Platypus (Ornithorhynchus anatinus) (M.35614.001), Bilby (Macro-
tis lagotis) (WGM118-186), Little Penguin (Eudyptula minor)
(B10002), Agile Antechinus (Antechinus agilis) (AM205-7), Eastern
Crevice Skink (Egernia mcpheei) (R.150174.001), White-browed
Woodswallow (Artamus superciliosus) (O.71701.001), Queensland
Grouper (Epinephelus lanceolatus) (I.39681.003) and Rock Cod
(Lotella rhacina) (I.31253.130). These samples were chosen either
because they were closely related species, or to represent a range of
genera and potential contaminants for our laboratory. They were
run with the regular PCR conditions as well as both 1.5 C of the
optimal annealing temperature. All samples within the validation
study were checked for PCR success using a 1% Agarose Gel and
reactions were cleaned using Affymetrix ExoSAP-IT. Sanger
sequencing was carried out by the Australian Genome Research
Facility (AGRF), Sydney on an AB3730 xl. Raw sequences were




DNA was successfully extracted from all quills used in each trial.
The Qubit quantification indicated that the extraction Trials 1 and 2
both produced comparable DNA concentrations, on average <1 ng/
mL. Extraction Trials 3 and 4 both had quantification results that
were higher than the previous two trials, with the average for Trial
3 = 24.2 ng/mL and the average for Trial 4 = 3.26 ng/mL. DNA was
extracted successfully from both plucked and shed quills.
Comparison of sequences generated in this study to publicly
available sequences to confirm species identification, returned 98–
100% identity to the short beaked echidna (Tachyglossus aculeatus
GenBank accession AJ303116.1) mitochondrial genome.
3.2. Phylogeographic analysis
A 322 bp region was sequenced from all quills and reference
samples analysed. Three unique haplogroups were identified in the
50 samples; two Australian haplogroups and one PNG haplogroup.
Four out of six samples from PNG and Moa Island shared the same
haplotype, with the East PNG and Moa Island samples grouping
closely with the West PNG samples. There were no control region
haplotypes shared between samples of Australian and PNG origin.
Both the maximum likelihood analysis and Bayesian Inference
Fig. 2. Maximum likelihood phylogenetic tree representing D-loop sequences from both Australian and Papua New Guinea short beaked echidnas. Bootstrap values
(percentage) is listed above the nodes and no values less than 50 were shown. PNG samples shown in red. Respective museum or zoo numbers are used for sample
identification. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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resolution for most of the Australian reference samples, with
the samples from PNG forming a distinct lineage. The samples from
Western Australia also showed distinct lineage within in the
sampling of this project, whereas the east coast, Tasmania, and
Kangaroo Island samples show little variation. The bootstrap value
for the clustering of the PNG samples is 83% shown in the
Maximum Likelihood tree (Fig. 2), and 0.9901 in the Bayesian
inference tree (Fig. 3) indicating moderate to strong support for
this lineage.Fig. 3. Bayesian Inference representing D-loop sequences from both Australian and Pap
above the nodes and no values less than 50% are shown. PNG samples shown in red. Respe
of the references to colour in this figure legend, the reader is referred to the web vers3.3. Validation
Reproducibility/repeatability all samples were successfully
amplified across the four different thermocyclers and both
+1.5 C and 1.5 C annealing temperatures. The analyst conduct-
ing the blind test successfully determined the source country of all
four unknown samples. Limit of detection: The 1 ng and 0.1 ng
dilutions were also successfully amplified however the 0.01 ng
dilution samples were not able to be amplified. Specificity: The
western long beaked echidna sample was the only species that wasua New Guinea short beaked echidnas. Posterior probabilities (decimals) are listed
ctive museum or zoo numbers are used for sample identification. (For interpretation
ion of this article.)
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distinct phylogenetic differentiation between the two genera of
echidna at this region so there is no chance of incorrect generic
identification.
4. Discussion
This study represents the first validated forensic protocol to
successfully determine source country of the short beaked echidna
using a short mtDNA D-loop region. Additionally, we have evaluated
several commonly used extraction methods to obtain mtDNA from
echidna quills. Our results demonstrate this non-invasive method is
suitable for extracting and sequencing phylogenetically informative
mtDNA down to a limit of detection of 0.1 ng, which can be used for
evidentiary or intelligence purposes to aid in combatting the illegal
trade of the short beaked echidna.
The four extraction methods all produced suitable DNA
quantity to successfully amplify the D-loop region. However, the
Qiagen QIAamp Investigator Kit ‘Hair and Nails’ protocol (following
manufacturer’s instructions) produced the most consistent results
across both shed and plucked quills. While this is one of the more
costly kits, it is widely available, straightforward to use and
produces consistent extracts with higher DNA concentrations on
the whole. Importantly it would be the recommended kit for
extraction from quills if blood or tissue were unavailable. With
further optimisation, this kit has the potential to be used for
nuclear DNA sequencing and genotyping, as has been shown with
other non-invasive samples such as feathers, and preliminary
results have indicated this (data not shown) [41,42]. In addition,
there was also no remarkable quantitative difference between
plucked and shed quills in the samples available for this study.
Therefore, confirming that shed and non-invasively collected quills
are appropriate to use for such a test, including those collected
from enclosures containing seized animals. Further, sufficientFig. 4. Map of samples used in phylogeographic analysis. PNG/Torres Strait (Moa Island) s
Indonesian parents) unknown so excluded from map. Map made in QGIS software [52]
referred to the web version of this article.)template for mtDNA sequencing was recovered from both plucked
and shed quills, however as these are from a zoo enclosure, further
testing would be needed to investigate shed quills in a field
context. This result provides insight into the benefit of this type of
sampling, indicating there is the potential to collect shed quills
from an echidna’s natural habitat within a certain time frame. For
many species in the illegal wildlife trade, including pangolins,
tigers, and birds, non-invasive sampling has proved beneficial
[19,43,44], and the methods presented here provide a sample
preparation protocol that can also be implemented in better
understanding the short beaked echidna trade.
Of the six samples analysed from PNG and Moa Island, four of
the PNG samples shared the same haplotype. Three of these
samples were from the same location in the Western Province of
Papua New Guinea (in or around the village of Serki), but the fourth
sample’s specific location unknown because it was captive animal,
with parents suspected to have come from New Guinea. The PNG
sample from Port Moresby (East PNG) while not an identical
haplotype, still consistently grouped closely with the Western PNG
samples with strong support, as did and the Moa Island sample
(Figs. 2 and 3). While we acknowledge that the sample size is small,
the low haplotype diversity within these PNG samples suggests
that, at least at the mtDNA level, there is limited structure in short
beaked echidnas within the New Guinea population of short
beaked echidnas, similar to what has been observed in eastern
Australian echidnas (Fig. 4).
For further insight into the extent the Torres Strait poses as a
biogeographic barrier, it would be highly desirable to obtain further
samples from echidnas across their New Guinea distribution and
from the northern region of the Cape York Peninsula in Australia. All
attempts were made to obtain DNA from the one Cape York study
specimen available in the Australian Museum Collection, however
we were unsuccessful in extracting DNA from this study specimen,
which is likely related to its age and preservation method [45].amples in red, and Australian in black. Location of sample SD-2 (San Diego Zoo with
. (For interpretation of the references to colour in this figure legend, the reader is
52 A.E. Summerell et al. / Forensic Science International 295 (2019) 46–53New Guinea and Australia have been isolated for approximately
8000 years, a separation which has acted as a significant
biogeographic barrier for many species that have distributions
throughout the two countries [46–49]. Phylogenetic research on
the green python (Morelia viridis), a species also prominent in the
illegal wildlife trade, was also successfully resolved using the D-
loop region [48] and, as in our study, Australian and New Guinean
pythons were able to be differentiated phylogeographically. The
identification of geographic provenance of a species is often
requested by enforcement agencies and can be of particular
importance for CITES listed species with cross border distributions.
It is of utmost importance to develop these tests that are validated
if the end-point is to present this data in a legal context [23,50,51].
The validated work presented here is reproducible/repeatable,
specific to the echidna group (genera Tachyglossus and Zaglossus),
with a limit of detection of 0.1 ng [51]. While this test amplifies
both echidna genera, because this test also requires sequencing, a
simple BLAST search under carefully specified criteria, or
phylogenetic analysis using sequences from vouchered reference
material (GenBank accession AJ303116.1) can differentiate clearly
between these two genera, and therefore does not interfere with
determining species or source location (i.e. Australia or Torres
Strait/PNG). Our phylogeographic analyses also indicate potential
genetic variation between east and west Australian samples,
however, this may be an artefact of sampling as we were unable to
include many samples from central Australia. Identifying to state
or population level within Australia may also be useful for state
agencies, in cases where animals are found illegally in captivity
within Australia. However, given that there was lack of variation
along the east coast of Australia, this may need higher resolution
data such as SNPs or microsatellites to obtain clarity, nor was it the
focus of this study. We saw no phylogeographic structuring
between the east coast, Tasmania, and Kangaroo Island popula-
tions to support their classification as separate subspecies (east
coast: T.a. aculeatus; Tasmania: T.a. setosus; Kangaroo Island: T.a.
multiaculeatus). Additional sample collection and analysis would
be required to further investigate phylogeographic patterns of the
Australian populations, and infer evolutionary history of the
species.
This study demonstrated that non-invasive sampling, and
subsequent DNA extraction from short beaked echidna quills is
possible, and can be carried out using a range of commercially
available DNA kits. Sample preparation from echidna quills can be
useful for many cases, particularly in an illegal trafficking scenario
where blood or tissue is unable, or unfeasible to be sampled. In
addition, we were able to develop and validate phylogenetically
informative markers to determine source country of any suspect
individuals and direct any following enforcement actions. This also
has potential to guide the establishment of presumptive indicators
that could be used to flag the potential measures that could be put
in place in areas where evidence shows higher levels of trafficking,
as well as used by zoos to guarantee legitimate status of any captive
echidnas that may come into their collections. Implementation of
the methods presented here will provide important intelligence
about this trade, and aid in analyses involving the illegal trafficking
of this iconic species.
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